34
Marine sediments are a massive microbial habitat, harboring as many as 5.39 × 10 29 55 prokaryotic cells on a global scale and 0.18-3.6% of Earth's total living biomass 56 (Kallmeyer et al., 2012; Parkes et al., 2014) . Microorganisms deposited on the sediment 57 surface are gradually buried into the seabed as sedimenting particulate matter 58 accumulates on the seafloor. This burial can isolate microorganisms from the surface 59 world for hundreds to millions of years, cutting populations off from fresh detrital 60 organic matter and subjecting them to severe energetic limitations that increase with 61 sediment depth (Langerhuus et al., 2012; Lomstein et al., 2012; Middelburg, 1989) . 62
Despite these energy limitations, deep marine sediments are populated by living 63 microbial communities that persist down to 2.5 km below the seafloor (reviewed in 64 Parkes et al., 2014; Inagaki et al., 2015) . Phylogenetic diversity (16S rRNA gene) 65 analyses of the subsurface environment have identified a core set of uncultivated 66 microbial taxa that have become synonymous with the marine deep biosphere (Parkes Shortest generation times have been estimated near the sediment surface, owing to the 83 availability of freshly deposited organic matter and high potential electron acceptors 84 (e.g. oxygen and nitrate), which collectively promote community growth and turnover 85 (Hoehler and Jørgensen, 2013; Langerhuus et al., 2012; Lomstein et al., 2012) . 86
Microbial activity is further stimulated near the sediment surface due to bioturbation 87 by benthic macrofauna. Bioturbation processes include faunal burrow construction and 88 maintenance, both of which continually rework and irrigate the upper 10 ± 5 cm of the 89 seabed (Boudreau, 1998; Meysman et al., 2006) . While bioturbation occurs globally, 90 both the intensity of bioturbation and the depth of mixing are influenced by factors such 91 as seasonality and depth of the overlying water column (Teal et al., 2008) . Water depth 92 was shown to play a minor role in driving differences in bioturbation between sites, 93 indicating that the intensity and depth of mixing are only marginally different between 94 coastal and deep ocean sediments. In addition to enhancing the dispersal of microbial 95 cells, bioturbation also increases microbial energy availability by introducing labile 96 organic matter and oxygen from the overlying water column into the seabed (Kristensen 97 et al., 2012; Kristensen and Holmer, 2001) . Bioturbation has been shown to influence 98 microbial communities near the seafloor, most notably by driving the dominance of 99 water depth 27 m). This core was used for all subsequent analyses unless otherwise 144 noted. The sediment core was stored and sampled at 15°C, corresponding to the in situ 145 temperature of the bottom water. Subsamples for DNA extractions, sulfate reduction 146 rate measurements, and cell counts were collected with sterile, pre-cut 2.5 ml syringes 147 from the intact core. Samples were taken in 1 cm increments from the top down to 148 40 cm, with three additional deeper reference samples at 45, 48 and 50 cm depth. 149
In order to assess the reproducibility of our results across multiple cores and sampling 150 times, we took four additional Rumohr cores from site M5 in both 2017 and 2018. The 151 processing and analysis of these cores is decribed in the Supplementary Material. Subsamples of 2.0 cm 3 were taken with cut-off syringes that had been covered with 156
Parafilm® and inserted cut-side down into anoxic marine sediment to prevent the 157 samples from becoming oxygenated during processing. 0.5 cm 3 of sediment from each 158 subsample was transferred into a microcentrifuge tube and pelleted by centrifugation. 159
The supernatant was collected and used to measure the sulfate concentration in the pore 160 water by Ion Chromatography (Dionex IC 2000, Thermo Scientific, Dreieich, 161
Germany). The remaining sediment was injected with 10 µl of 35 S-SO4 2radiotracer (20 162 kBq µl -1 ) and incubated for 5 h in the dark at 15°C under anoxic conditions. To stop the 163 incubations, the samples were transferred into 5 ml of 20 % Zn-acetate solution and 164 stored at -20°C. Total reduced inorganic sulfur was separated from sulfate and reduced 165 to sulfide by the cold chromium distillation procedure (Kallmeyer et al., 2004 
DNA extractions 227
Sediment subsamples for DNA extraction were stored at -80°C prior to processing. To 228 avoid contamination from the sampling equipment, sediment that was in contact with 229 the core liner was discarded. Approximately 0.2 g of sediment was used for each DNA 230 extraction, which included an initial washing step to remove extracellular DNA (Lever which dropped from 30% in the bioturbation zone to 1-10% in the subsurface below 341 (Supplementary, Figure S1 ). 342
In contrast to the Proteobacteria, sequences clustering within the Chloroflexi were 343 positively associated with depth (Spearman, r = 0.57, P < 0.01) and increased in relative 344 abundance from 3% at 3 cmbsf to 16% at 8 cmbsf (Figure 3b ). The increase in relative 345 abundance of Chloroflexi was primarily driven by OTUs belonging to the class 346
Dehalococcoidia, which increased from <1% of total sequencing reads in the surface to 347 12% at 50 cmbsf (Supplementary, Figure S1 ). A similar positive correlation with depth 348 was observed for sequences clustering within the Atribacteria (Spearman, r = 0.84, P < 349 0.001), which comprised <0.01% of total sequences in the bioturbation zone. A small 350 community of Atribacteria began to develop immediately below the bioturbation zone 351 (3% of total sequences at 7 cmbsf), and increased to 13% at 50 cmbsf (Figure 3b) . 352
Major taxonomic shifts seen for dominant phyla were also observable on the OTU level. Figure S2 ). The OTUs that appeared right below the 358 bioturbation zone (7-10 cmbsf) continued to increase in rank with increasing sediment 359 depth. By 50 cmbsf, the 25 most dominant OTUs comprised 45% of the total 360 sequencing reads, with a single Atribacteria OTU accounting for 12% of the total 361 microbial community. Similar taxonomic shifts within bacterial phyla were also seen 362 in the cores taken from 2017, including a marked increase in the relative abundances of 363
Atribacteria and Chloroflexi occurring between 5 and 10 cmbsf ( Figure S7A ). Our 364 separate analyses of archaeal lineages from the cores taken in 2018 also show changes 365 in the archaeal community across depths ( Figure S7B ). Most notably we see an increase Figure S3 ). This 372 revealed 92 OTUs that were present in every sequenced depth, from the bioturbation 373 zone to 50 cmbsf. While this set of persisting OTUs represented only 12% of the total 374 OTU richness at 50 cmbsf, they comprised 45% of the total sequencing reads ( Figure  375   S3 ). By converting OTU relative abundances to absolute abundances using qPCR data 376 , we found that several OTUs also increased in absolute 377 abundance with depth, running counter to the drop in absolute abundance observed for 378 the total microbial community and the majority of dominant surface OTUs (Figure 4) . 379
The OTUs which increased in absolute abundance with depth ( Supplementary Table 1 ) 380 belong to common subsurface lineages such as the Atribacteria and members of the 381 class Phycisphaerae, both of which have been found to constitute a significant portion 382 of the microbial community hundreds of meters below the seafloor (Petro et al., 2017) . 383 384
Vertical distribution of sulfate reducing microorganisms (SRM) 385
Both qPCR and sequencing analysis of dsrB genes indicated that SRM were present 386 throughout the entire depth profile (Figures 2 & 3d) . DsrB gene copy numbers equated 387
to 5-30% of the 16S rRNA gene copy numbers, with the highest relative abundance 388 occurring within the bioturbation zone ( Figure 2) . The dsrB gene copy number showed 389 a strong positive correlation to the sulfate reduction rate (R 2 = 0.86, P < 0.001; Figure  390 S4), highlighting dsrB gene quantification as a means to estimate SRM abundance. 391
Furthermore, the depth-associated pattern of dsrB gene copy numbers could be 392 reproduced in cores sampled in 2017 and 2018 ( Figure S8) . 48 cmbsf), reaching a minimum abundance of 1.4 × 10 6 (gene copies g -1 sediment). 419
Within the same depth interval, members of the Aarhus Bay lineage became 420 quantitatively dominant, reaching a maximum abundance of 2.1× 10 6 (gene copies g -1 421 sediment) at 50 cmbsf. ( Figure 5) . 422 423
Cell-specific SRR and community turnover 424
Measurements of SRR and SRM abundance were used to estimate mean cell-specific 425 metabolic rates (csSRR) throughout the core. The abundance of the total SRM 426 community was estimated by dividing dsrB gene copy numbers by 7%, corresponding 427 to the calculated DNA extraction efficiency. The csSRR were highest at the sediment 428 surface, peaking at 0.07 fmol cell -1 day -1 at 3 cmbsf, and then decreasing towards a 429 more constant value at 30-50 cmbsf (Figure 6a ). This pattern was reproduced by 430 samples taken across broader depth intervals in 2017 and 2018, indicating that 431 microbial activity in the system is relatively stable over years ( Figure S6) . 432
Rates of SR were then used to calculate the amount of time required for complete 433 turnover of SRM biomass (Tb) within a given depth interval. Turnover times increased 434 with depth below the bioturbation zone (Figure 6b feeding, and respiration can further stimulate organic matter degradation by introducing 469 high potential electron acceptors into the sediment (Aller and Aller, 1998). 470 potential for passive dispersal was especially pronounced within the uppermost 6 cm of the sediment, due to homogenizing mixing by macrofauna (Figure 1 ). Below the 474 bioturbation zone, mixing decreases by at least two orders of magnitude. When 475 conditions conducive to passive transport largely cease and community turnover is 476 diminished, selection caused by fitness differences between taxa (Nemergut et al., 477 2013) is likely to take over as the predominant means of assembly. 478
Our high depth resolution datasets including a mapping of the extent of bioturbation 479 provides direct evidence that stark changes in microbial abundance and community 480 structure occurs exactly at the bottom of the bioturbation zone ( Fig. 1-3 ). As discussed 481 in detail below, our results thus confirm the hypothesis that this is where the subsurface 482 microbial community assembles in the sediment. This can be explained by a shift in the 483 . Here we see that selection for taxa adapted to energetic 493 limitations begins already centimeters below the sediment surface, as the community 494 becomes buried underneath the more dynamic and energy-rich bioturbation zone. 495
While the most marked difference in community composition occurs between the 496 bioturbated samples and the subsurface below (7 cmbsf), there is still variability in the 497 composition of samples from 7-50 cmbsf (Figure 3 ). These differences suggest that the 498 deep community is not yet fully assembled, and that gradual population changes are 499 likely to continue to occur throughout the entirety of the sediment column. 500 501
Influence of geochemical zonation 502
The distributions of abundant SRM lineages were indicative of a response to 503 geochemical zonation, with major shifts in abundances occurring at the onset and end 504 of the SR zone ( Figure 5 ). The lineages that increased in absolute abundance within the region, with gene copy numbers dropping upon transition into the SMT. Apparent 507 responses to geochemical zonation were especially pronounced for Uncultured 508
Desulfobacteraceae lineage F and the Aarhus Bay lineage-both of which have been 509 found previously to dominate the SRM community below the sediment surface and 510 down into the methanogenesis zone . The vertical stratification of 511 SRM taxa has been demonstrated previously in coastal sediments (Sahm et al., 1999) , 512 biofilms (Ramsing et al., 1993) , and marine Arctic sediments (Ravenschlag et al., 513 2000) . These observations can be explained by an adaptation of certain lineages to 514 specific geochemical conditions, allowing them to become dominant within a given 515 depth interval (Jorgensen et al., 2012) . The assumption that community dynamics are 516 reflective of different ecological niches among the lineages is further supported by the 517 measured SRR, which reach maximum rates at 3 cmbsf (Figure 1b ). This delay, which 518 is indicative of the competitive inhibition of dissimilatory sulfate reduction by Mn and 519
Fe reductive processes (Canfield et al., 1993; Thamdrup et al., 1994) , suggests that 520 sulfate reduction is not the predominant terminal degradation process in the top 1-2 cm 521 of the sediment. The geochemical succession of specialized populations is nicely 522 illustrated by the dsrB sequence dataset, which shows that the dying off of dominant 523 taxa within the uppermost 1-3 cm depth interval is followed by the rapid growth of 524 lineages that subsequently take over as predominant members of the community 525 ( Figure 5) . 526
While geochemical zonation thus has a hand in regulating some changes within the 527 SRM community between depths, the overall trends for both SRM and total community 528 appear decoupled from the geochemical zonation ( Figure 3 ). This observation implies 529 that the availability of energy and carbon, and not the concentration of electron 530 acceptors such as sulfate, is the major driver for the microbial community, including 531 also the terminal oxidizers. 532 533
Persisting sediment community 534
Extensive molecular surveys of marine sediments have identified a unique assemblage 535 of microorganisms, which comprise a significant portion of the deep subsurface 536 community at geographically distinct locations (Fry et al., 2008; Webster et al., 2004; 537 Teske and Sørensen, 2008; Inagaki et al., 2003; Orcutt et al., 2011; Walsh et al., 2015) . Figure S2) . A small subset 549 (<100) of OTUs were found to persist from the surface down to 50 cmbsf, where they 550 came to comprise >40% of the total community. Similar patterns of OTU overlap have 551 been observed between sediments and the overlying seawater, suggesting that deep 552 subsurface communities are comprised of rare taxa that are deposited from the water 553 column and persist throughout burial (Walsh et al., 2015) . Our estimates of the absolute 554 abundances of dominant OTUs demonstrate that select populations may increase in 555 absolute abundance with sediment depth (Figure 4) , contrary to the drop in cell numbers 556 seen for the total community. This suggests that persisting populations may not simply 557 which persist to the bottom of the sediment core are also found in low relative 569 abundances at the surface, suggesting that populations present within the bioturbation 570 zone act as a seed community for the subsurface below. Replicate cores sampled in 571 2017 and 2018 demonstrate that these depth-associated changes in the community are 572 consistent across time. The geochemistry and rates of sulfate reduction were also stable across sampling dates, indicating a consistent drop in microbial activity between the 574 bioturbation zone and the unmixed sediment below. 575
Collectively, these results suggest that the microbial communities present within the 576 deep biosphere in Aarhus Bay sediments begin to assemble below the bottom of the 577 bioturbation zone, where sediment mixing and energy availability are both diminished. 578
These changes delineate the bioturbation zone from the unmixed sediment below, 579
where environmental selection for populations adapted to energy limitations starts to 580 shape the microbial communities which will come to predominate within the energy-581 starved deep subsurface biosphere in hundreds to thousands of years. 582 583 584
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